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Abstract— Highly dispersed gold (Au) nanoparticles (NPs) 
supported on nitrogen doped multi-walled carbon nanotubes 
(NCNTs) were synthesised using a simple electrochemical 
method. Morphology of Au-NPs and their dispersion profile 
were studied depending on the applied potential and deposition 
duration. Novel conductometric gas sensors were developed 
from the thin films of Au-NPs/NCNTs nanocomposites and 
evaluated towards H2 gas. Electron microscopy revealed that the 
Au-NPs were deposited homogeneously on the outer surface of 
the NCNTs. The average size of the Au-NPs is 5 nm when the 
applied potential is 10 V for 10 mins and 10 nm when the 
applied potential is 20 V for 10 mins. The sensors were exposed 
to different concentrations of H2 in synthetic air at room 
temperature. The highest sensitivity of 75% was measured 
towards 1% H2 when average size of Au-NPs on NCNTs is 5 nm. 
I. INTRODUCTION  
Gases are key targets in many industrial and domestic 
activities requiring precise measurement or control. This has 
been stimulated by a series of clean air laws, which have or 
are being legislated on the international, national, state and 
local levels. These often require in-situ continuous monitoring 
of air quality and the rates of emissions of specific chemical 
species. Thus, new gas sensors are required to meet 
increasingly stringent legal restrictions and industrial health 
and safety requirements, as well as for environmental 
monitoring, automotive applications and for manufacturing 
process control. To meet these demands, the sensitivity, 
selectivity and stability of conventional sensors need to be 
drastically improved. Recent advances in the development of 
nanostructured materials such as metal and metal oxide 
nanoparticles, nanowires, and carbon nanotubes [1-3] provide 
the opportunity to greatly increase the response of these 
materials, as sensor performance is directly related to 
granularity, porosity, and ratio of surface area to volume in the 
sensing element [4-5]. 
Carbon based nanomaterials such as carbon nanotubes 
(CNTs) and graphene have shown great promise for the 
development of highly sensitive gas sensors [6-7]. 
Nanostructured carbon materials offer higher surface to 
volume ratios for the sensitive layer which is affected by the 
gas species than the conventional bulk structures [6-7]. 
Incorporation of functional groups or nanoparticles (NPs) to 
CNTs is expected to enhance the performances of such CNT 
based devices due to higher surface reactivity. It has been 
reported that CNTs supporting transition metal nanoparticles 
exhibit excellent catalytic properties for various chemical 
reactions [8-9]. Many methods for attaching NPs to CNTs 
have already been reported, including spontaneous deposition 
[10-11], electrochemical deposition for Au, Pt and Pd particles 
onto single-walled CNTs with small applied voltages and 
without any surface functionalization [12-14], as well as NPs 
decoration on chemically oxidized CNT side walls [15-17]. 
Gold nanoparticles (Au-NPs) are frequently studied since 
they can be easily synthesized and functionalized and have 
interesting optical properties with a strong affinity for 
biomolecules [1]. Generally, decorating  carbon nanotubes 
with Au-NPs involves chemical functionalization of CNTs 
[18-19] and surface modification of the Au-NPs [20-22]. Such 
surface modification of the CNTs followed by 
physicochemical assembly of organic-modified Au-NPs onto 
the CNTs is complicated and requires multi-step processes. In 
most cases, chemical functionalization of the CNT surface 
involves acidic treatment or functionalization with surfactant 
or polyelectrolytes [15, 23]. This chemical modification of 
CNTs can lead to degradation of their electrical, mechanical 
and optical properties [24]. In addition, these methods are not 
compatible with processes in micro-fabrication industry 
standards. Jiang et al [15] chemically modified the surfaces of 
nitrogen-doped, multi-walled carbon nanotubes (NCNTs) 
using acid treatment to anchor negatively charged Au-NPs 
onto the surface of nanotubes through electrostatic 
interactions. Choi et al. [10] demonstrated a direct reduction 
route for depositing Au-NPs on single-walled CNTs in which 
Au-NPs were spontaneously reduced on the surface of CNTs 
by immersing the CNTs into a solution containing Au3+ ions. 
However, the Au-NPs produced using this technique have a 
broad size distribution. Zhang et al. [25] developed a simple 
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citrate reduction method for the synthesis of Au-NPs coated 
on multi-walled CNTs. The Au-NPs were readily attached to 
the CNTs by heating a suspension of CNTs in HAuCl4 and 
citrate solution. Jiang and co-workers [23] demonstrated a 
process for attaching Au-NPs onto CNTs by first treating the 
nanotube with polyethyleneamine or sodium citrate. Then, 
Au-NPs were synthesized on either the outside or inside of the 
nanotubes using a reaction at 80°C for 8 h. 
Recently, we synthesized NCNTs from heterocyclic 
pyridine precursor using CVD growth techniques [26-27]. To 
date, there has been no detailed study on Au-NPs decoration 
on surfaced modified CNTs such as NCNTs using 
electrochemical methods. With nitrogen doping, the electronic 
structure of the nanotubes was modified to include electron 
donor states near the conduction band edge [28], which 
subsequently enhanced the surface reactivity of the nanotubes 
by introducing defects. In this work, we present an 
electrochemical deposition route for the formation and 
incorporation of Au-NPs onto such NCNT surfaces without 
requiring high temperatures, acid treatment, organic solvents 
or a long reaction time with good control of the final Au-NPs 
dimensions. Due to the N-participation, catalyst nanoparticles 
can be homogeneously anchored onto the NCNTs without 
surface modification. Finally H2 sensing properties of Au-NPs 
on NCNTs were investigated. 
II. EXPERIMENTAL 
NCNTs with a nitrogen-content of 3~5% were synthesized 
at 650 °C by chemical vapour deposition as described 
previously [26] using a dehydrogenated bimetallic catalyst of 
Fe-Co/γ-Al2O3 (1.01 mmol/g Fe - 2.01 mmol/g Co/γ-Al2O3) in 
the synthesis process [27]. The as-prepared NCNTs were 
flushed in 6 mol dm-3 NaOH and in 6 mol dm-3 HCl aqueous 
solution at 110 °C for 4 h to remove the Al2O3 and metals. 
Afterwards, the purified NCNTs were thoroughly washed with 
distilled water until the pH value of the filtrate reached 7, and 
then dried at 70 °C. 
NCNTs were suspended in deionised (DI) water at a 
concentration of approximately 10 mg/ml. The suspensions 
were then placed in an ultra-sonic bath for 10 minutes and 
then allowed visible agglomerates to precipitate from the 
suspension for a duration of 2 hours. One droplet of the 
sample suspension was placed onto a cleaned glass slides 
having a gold strap on one side for conductive connection with 
the electrode. The samples were dried at 70°C for 30 mins to 
obtain NCNT thin films on glass substrates. The samples were 
then placed in a reaction flask containing 200 mL of 10-4 mol 
dm-3 HAuCl4 solution at room temperature. Electro-deposition 
of Au-NPs was carried out by a conventional anode (platinum 
plate) – cathode (nanotube sample) system, where a DC 
voltage was applied. After deposition, samples were washed 
with DI water and dried in a stream of N2 gas.  
The conductometric sensors were fabricated with two 
platinum (Pt) electrodes sputtered on Au-NPs/NCNT surface. 
The Au-NPs/NCNT conductometric sensors were mounted in 
a test chamber made from Teflon, which was sealed in a 
quartz lid. The output resistance as a function of time across 
the conductometric sensor during gas exposure was measured 
using a multimeter (Keithley 2001). A computerized multi-
channel gas calibration system, with mass flow controllers, 
was used for exposing the sensor to different concentrations of 
H2 gases. The total flow rate was kept constant at 200 sccm 
and dry synthetic air was used as the reference gas. At room 
temperature, the baseline gas was maintained for a duration of 
2 hrs to allow the device to stabilize. Subsequently, the device 
was exposed to sequences of different concentrations of H2 for 
several mins. Concentration of H2 varied in the range of 0.06 
to 1% balanced in synthetic air at constant gas flow of 200 
sccm. A second pulse of 0.12% H2 (repetition) was utilized to 
confirm its repeatability.  
III. RESULTS 
Scanning electron microscopy (SEM) characterization was 
carried out using a FEI Nova NanoSEM and images of 
electrodeposited Au-NPs on NCNT samples using 10 V for 10 
and 20 mins are given in Figures 1 (a)-(b) while the images of 
sample prepared using 20 V for 10 and 20 mins are shown in 
Figures 1 (c)-(d). Gold nanoparticles are uniformly distributed, 
decorating the NCNT samples. The average Au particle size is 
4 to 6 nm when the applied potential is 10 V after 10 mins, 10 
– 18 nm for 10 V after 20 mins, 8 – 12 nm for 20 V after 10 
mins and 25 – 40 nm for 20V after 20 mins. For both 10 and 
20 V deposition potentials, the Au coverage was increased 
with longer deposition duration. With the increase in the 
deposition potential, the average size of the Au-NPs increased 
along with the size distribution of particles. For example, for 
the 20 V deposition (20 mins), larger Au-NPs (~25-45 nm) on 
the top surface were observed in addition to smaller 
nanoparticles (~10-15 nm) in less exposed areas.  
From SEM images, it was observed that the number of Au-
NPs on NCNTs is much larger and more uniform compare to 
reported Au-NPs on CNTs by other groups [12-14, 29]. It has 
been reported that on the surface of NCNTs, the enhanced 
adsorptions of Au and Pt atoms are resulted from the 
activation of nitrogen-neighbouring carbon atoms. The “first-
principle” calculations show that such an enhancement is 
associated with the large electron affinity of nitrogen [8]. The 
nitrogen atoms mediate Au or Pt atoms adsorption onto the 
carbon surface, resulting in the larger number of Au-NPs 
formed [8, 29]. 
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Figure 1.  SEM images of electrodeposited gold nanoparticles on NCNTs at 10 V for 10 and 20 mins (a, b); and 20 V for 10 and 20 mins (c, d), 
respectively. 
The dynamic responses of the sensors based on Au-NPs on 
NCNTs electrodeposited at 10 V for 10 and 20 mins; and 20 V 
for 10 and 20 mins to hydrogen gas (operating at room 
temperature) are shown respectively in Figure 2 (a), (b), (c) 
and (d), respectively. The sensor response is defined as the 
percentage variation in sensor resistance due to the interaction 
with H2 gas: 
S = I(Rair - RH2)I*100/RH2 %           (1) 
where Rair is the sensor resistance in synthetic air and RH2 
is the sensor resistance in H2 gas. The dimension and 
distribution of the nanoparticles proved important in 
determining the performance of the sensors and the sensitivity 
decreased when the size of the Au nanoparticles increased. 
The highest sensitivity, fastest response and fastest recovery 
were all measured for the smallest size Au-NPs dispersed 
NCNT sensor (electrodeposited at 10 V for 10 mins - Fig 2 
(a)). The highest response was measured to be 75% towards 
1% H2 when average size of Au-NPs on NCNTs is 5 nm with 
response and recovery time of 15 and 20 s, respectively. 
Two 0.12% H2 pulses were used in each sequence applied 
to the sensors to show the repeatability in their responses. The 
magnitude of the second resistance change was almost 
identical for the smaller size Au-NPs dispersed NCNT sensors 
(electrodeposited at 10 and 20 V for 10 mins - Fig 2 (a) and 
(c)), where as for the larger size Au-NPs dispersed NCNT 
sensors (electrodeposited at 10 and 20 V for 20 mins - Fig 2 
(b) and (d)), a slight increase in sensitivity (~ 2%) was 
observed after the first pulse. After the pulse sequence was 
completed, a stable baseline resistance was exhibited by the 
smaller size Au-NPs dispersed NCNT sensors (Fig 2 (a) and 
(c)) but a drift towards higher resistance was observed for the 
larger size Au-NPs dispersed NCNT sensors (Fig 2 (b) and 
(d)). 
388
 50
100
150
200
250
300
350
400
450
500
0 100 200 300 400 500 600
Time (S)
R
es
is
ta
nc
e 
(O
hm
) 0.06%
0.12%
0.25%
0.5%
1%
0.12%
70
80
90
100
110
120
130
140
150
160
170
0 130 260 390 520 650 780 910 1040 1170 1300
Time (S)
R
es
is
ta
nc
e 
(O
hm
)
0.06%
0.12%
0.25%
0.5%
1%
0.12%
40
50
60
70
80
90
0 200 400 600 800 1000 1200 1400 1600 1800
Time (S)
R
es
is
ta
nc
e 
(O
hm
)
0.06%
0.12%
0.25%
0.5%
1%
0.12%
(a) (b)
(d)
80
100
120
140
160
180
200
220
240
0 150 300 450 600 750
Time (S)
R
es
is
ta
nc
e 
(O
hm
)
0.06%
0.12%
0.25%
0.5%
1%
0.12%
(c)
R
es
is
ta
nc
e 
(O
hm
)
R
es
is
ta
nc
e 
(O
hm
)
R
es
is
ta
nc
e 
(O
hm
)
R
es
is
ta
nc
e 
(O
hm
)
 
Figure 2.  Dynamic responses of the sensors based on Au-NPs/NCNTs to different H2 concentrations in synthetic air at room temperature where Au 
nanoparticles were electrodeposited at (a) 10 V 10 mins, (b) 10 V 20 mins, (c) 20 V 10 mins and (d) 20 V 20 mins. 
The conductivity of the Au-NPs/NCNT based sensor 
decreased upon exposure to H2 in agreement with previous 
measurements [7, 30-31]. As hydrogen is a reducing gas and 
contributes electrons to the NCNT, an enhancement in 
conductivity is consistent with n-type behavior [32]. This 
behavior is typical for NCNTs as nitrogen doping creates 
electron donor states which form near the Fermi level [28, 33]. 
The sensing responses of Au-NPs/NCNTs in Fig 2 is 
expected to consist largely of physisorption since there would 
be insufficient thermal energy (at room temperature) to 
promote chemisorption. The catalytic Au-NPs improve the 
performance of the sensors as they dissociate H2 molecules to 
atomic hydrogen and thus promote chemisorption [31] [34-
36]. The atomic hydrogen diffuses into the nanoparticles 
where it forms metal hydride thereby reducing the work 
function of the nanoparticles [37-38]. As a result, electrons are 
transferred from the nanoparticles into the NCNTs and this 
process increases the electrical conductivity of the sensor. 
IV. CONCLUSIONS 
Highly dispersed Au-NPs supported on NCNTs were 
synthesized using a simple electrochemical method. The 
morphology of Au-NPs and their dispersion profile were 
studied as a function of the applied potential and deposition 
duration. SEM analysis revealed that average size of the Au-
NPs is 5 nm when the applied potentials is 10 V for 10 mins 
and 10 nm when the applied potential is 20 V for 10 mins. It 
also revealed that the nanoparticles were deposited 
homogeneously on the outer surface of the NCNTs. Novel 
conductometric gas sensors were developed from the thin 
films of Au-NPs/NCNTs nanocomposites and evaluated 
towards H2 gas. The sensors were exposed to different 
concentrations of H2 in synthetic air at room temperature. The 
highest sensitivity of 75% was measured towards 1% H2 when 
average size of Au-NPs on NCNTs is 5 nm. 
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